Summary: Sixteen patients were studied by multitracer positron emission tomography (PET) within 6-48 (mean of 23) h of onset of a hemispheric ischemic stroke and again 13-25 (mean of 15.6) days later. Cerebral blood flow (CBF), cerebral blood volume (CBV), cerebral metabolic rate of oxygen (CMR02), oxygen extraction fraction (OEF), and cerebral metabolic rate of glucose (CMRg 1 c) were measured each time by standard methods, and the sets of brain slices obtained at the two studies were matched using a three-dimensional alignment procedure. On matched brain slices, regions of interest (ROIs) for infarct and peri-infarct tissue, contralateral mirror re gions, and major brain structures were outlined. In the core of infarction, blood flow and metabolism were sig nificantly lower than in the corresponding contralateral regions at the first study, and did not change during the observation period. In the peri-infarct tissue, CMR02 was moderately decreased at the first measurement; over time, the CMR02 deteriorated progressively while flow did not change. When peri-infarct regions were selected
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The extent and severity of ischemic brain damage is dependent on the degree and the duration of the perfusion disturbance (Heiss, 1983) . They are addi tionally determined by complex biochemical and pathophysiological changes starting during isch emia or even during early reperfusion and continu ing after restoration of blood supply (Raichle, 1983; Hossmann, 1988; Siesjo and Bengtsson, 1989; Choi, 1990; Ginsberg, 1990) . Animal experiments apply-on the basis of increased OEF (25 ± 29.8% above corre sponding contralateral regions) on the early scans, the CBF was significantly decreased (23 ± 6.6%) while the CMR02 showed only a slight difference from the mirror region. Within the observation period, the CBF improved but the CMR02, OEF, and CMRglc deteriorated. Only in a few regions with increased OEF and slightly impaired CMR02 was metabolism preserved close to normal val ues. These data from repeat PET studies in reproducibly defined tissue compartments furnish evidence of viable tissue in the border zone of ischemia up to 48 h after stroke. While this viable peri-infarct tissue exhibits some potential for effective treatment of ischemic stroke, ther apeutic routines available today cannot prevent subse quent metabolic derangement and progression to necro sis. Multitracer PET studies identifying viable tissue could be of value in the development of effective treat ment of ischemic stroke. Key Words: Ischemic stroke PET -CMR02-CBF-OEF-CMRglc-Tissue viability.
ing auto radiographic and other regional biochemical imaging methods have permitted visualization of concomitant changes of various substrates in the development of ischemic infarction (Rossmann et ai., 1985) and have improved considerably our knowledge of the early events leading to cell dam age. Since these imaging modalities require brain slicing and therefore are restricted to one time point after a pathogenic event, repeat assessments of bio chemical variables are precluded from these meth ods. Therefore, the transfer of results obtained from studies in brain slices to the clinical setting of man agement of acute ischemic stroke is difficult, and as long as pathophysiologic mechanisms in an individ ual patient are unclear, conclusions on the conse quences of management and therapy must be drawn with caution. Positron emission tomography (PET) of the brain provides quantitative maps of several important physiologic variables including regional CBF (rCBF), cerebral blood volume (rCBV), cere bral metabolic rates of oxygen (rCMR02) and of glucose (rCMR g lc), and these variables can be mea sured noninvasively and repeatedly in stroke pa tients. However, PET studies are still limited by the complex logistics involved and the time necessary to prepare and execute the investigations. These factors impair the standardization of study proto cols in the early course after ischemic stroke.
Several studies performed during the first days after an ischemic stroke have demonstrated uncou pling among rCBF, rCBV, rCMR02, and rCMR g lc as indicators of compensatory hemodynamic and metabolic mechanisms and have determined effects of the impaired physiologic variables on the viabil ity of the brain tissue (Kuhl et aI., 1980; Ackerman et aI., 1981 Ackerman et aI., , 1985 Baron et aI., 1981a; Lenzi et aI., 1982; Wise et aI., 1983a; Baron, 1985; Frackowiak, 1985; Powers et aI., 1985; Hakim et aI., 1987; Hakim, 1989; Powers, 1991) . The variability of the time interval between the onset of symptoms and PET investigation, how ever, limited the generalization of the results ob served in a few patients. Only two studies in small groups of patients (Wise et aI., 1983a; Hakim et aI. , 1989) have followed the spontaneous development of regional perfusion and metabolic alterations in the course of early stroke to show the transition from ischemia to infarction. It was the purpose of our study to follow hemodynamic and metabolic changes in various reproducibly defined tissue com partments in the center, the border zone, and the surroundings of focal ischemia in the course after stroke, to identify viable tissue in early stages and to describe its fate.
METHODS

Patients
Sixteen patients (seven male, nine female) aged 18-75 (mean of 48.6) years with their first acute hemispheric ischemic stroke were included in this study. The diagno sis was made clinically. Computed tomography (CT) ex cluded hemorrhagic or nonischemic lesions. All patients had focal neurologic deficits that persisted throughout the study. Excluded from the study were patients whose state was complicated by other medical conditions including hypertension with systolic blood pressure >200 mm Hg or diastolic blood pressure of> 120 mm Hg, diabetes mel litus with blood glucose of >200 mg/100 ml on admission, severe liver disease, severe congestive heart failure, or severe arrhythmias. Subarachnoid hemorrhage was ruled out clinically and by CT or-if in doubt-by lumbar punc ture. Comatose patients or those suffering from other neurological disorders including a previous cerebrovas cular accident were excluded, as were patients treated with anticoagulants and those with hemorrhagic tendency J Cereb Blood Flow Metab, Vol. 12, No.2, 1992 or recent surgery. Consent for the study was obtained from the patient whenever possible or from the next of kin. The study had the approval of the Ethics Committee of the Medical Faculty of the University of Cologne. Ini tial assessment included general and neurological exami nation, electrocardiogram, chest radiography, routine electrolyte, biochemistry, and hematology determination, and CT scan. During the following days, neck and transcranial Doppler sonography, electroencephalogra phy, and, if necessary, recording of visual and somato sensory evoked potentials or magnetic resonance imaging (MRI) were performed to render a complete picture of the patient's condition. CT scans repeated 2 weeks after the attack demonstrated ischemic lesions in the pertinent hemisphere in all cases. Clinical assessment was repeated at regular intervals. Most of the patients were kept at the intensive care unit for the critical period of their acute disease. The first set of PET studies followed immedi ately after the initial clinical assessment including CT and was all completed within 6-48 h of symptom onset (mean of 23 h). The second series of PET studies was performed 13-25 days later (mean of 15.6 days). In accordance with the guidelines given by Baron et al. (1989) , the measure ments of CBF, CBV, CMR02, and CMRglc were per formed in a resting state using a four-ring PET camera (Scanditronix PC 384, Uppsala, Sweden; yielding seven 11-13 mm thick slices with an in-slice FWHM of 7.8 mm) (Eriksson et aI., 1982) . Patients were positioned with slices parallel to the canthomeatal line, and repositioning was achieved by two-dimensional laser beams and exter nal markers. Patients were not included for evaluation if movement led to a change in head position within the sequence of 150 measurements. If head inclination dif fered substantially between the first and the second study, leading to inadequate sampling of corresponding structures, studies were discarded too. Monitoring of blood pressure, pulse rate, and oxygen saturation trans dermally was performed during PET measurements.
The PET investigation consisted of a total of four stud ies. First, CBF was measured with H2150. Ten minutes later, 1502 gas was inhaled, followed by CI50 inhalation after an additional 10 min, to allow for decay of the pre viously applied activity. Finally, [18Fl2-fluoro-2-deoxY-D glucose (FDG) was injected to measure glucose consump tion. From these studies, eight parametric images were generated on a pixel-by-pixel basis. In addition to the primary parameters (CBF, CMR02, CBV, and CMRglc), the oxygen extraction fraction (OEF), the glucose extrac tion fraction (GEF), the CMRglc to CMR02 ratio, and the microvascular transit time given by CBV/CBF were cal culated.
The whole investigation lasted a total of 1.5 h with the patient lying with the head inside the gantry without mov ing. During the first three studies, the patients were wear ing a tightly fitting mask covering the nose and mouth through which the gaseous activities were applied. Before starting the final FDG study, this mask was carefully re moved without changing the position of the patient's head in the gantry.
Blood sampling
In those studies using short-lived 150 and dynamic PET scanning-CBF with bolus injection of H2150 and oxygen extraction with bolus inhalation of 1502 gas-arterial blood activity was measured with a commerically avail able automated blood sampling system (Eriksson et aI., 1988) . This system measured the time course of blood radioactivity together with total coincidence counts of the PET scanner and stored this information including a time stamp into a disk file on the V AX computer. Using a previously determined calibration factor between the blood sampling system and a calibrated well counter, these data were then transformed into decay-corrected activities. By comparing the up slopes of the arterial and whole brain radioactivity curves, the time delay between the tracer arrival times in the brain relative to the periph eral sampling site were determined and the input function was shifted accordingly along the time axis (delay correc tion). For the CI50 studies, manually drawn blood sam ples were measured in a well counter after equilibrium between brain and blood activities was reached.
Measurement of CBF
CBF was measured dynamically by the H2150 bolus injection technique. H2150 was prepared on line from 150Z by catalytic reduction and collected in 6 ml of iso tonic saline. A total of 1.5 GBq (40 mCi) was injected as a 5 ml of H2 150 bolus into a brachial vein. With injection, PET scanning was started, accumulating brain activity data in 20 time frames: 12, 10 s; 6, 20 s; and 2, 30 s scans. During the whole scan time of 5 min, arterial blood ac tivity was measured with the automated blood sampling system in 1 s steps for the first 100 s and in 5 s steps for the rest of the time with a blood withdrawal rate of 6 mllmin. All seven brain slices of these 20 time frames were reconstructed and for each pixel the flow and par tition coefficient were determined using a fitting routine described by Koeppe et al. (1985) .
Measurement of OEF and CMR02
For the determination of OEF and CMR02, the patient inhaled 1.85 GBq (50 mCi) of 150_0 gas in a deep single breath followed by a breath holding of -10-15 s. The PET scanner was already started during the preceding expira tion phase, and a total of 18, 10 s scans were sampled. From the inspection of the time-activity curve in a large cortical region, the appearance of activity in the brain was determined. The scan data during the following 120 s were then corrected for decay, added, and the summed data were reconstructed. The OEF and CMR02 were then calculated pixel by pixel using the operational equa tion of Mintun et aI. (1984) . For each pixel, the values for CBF and the partition coefficient were taken as deter mined with the HZ l 50 study and for CBV from the CI50 study. Automatic blood sampling was identical to the H2150 study. In addition to automatic counting, blood samples collected in 1 min intervals were spin ned to separate blood plasma and the amount of recirculating radioactive water was measured in a well counter. The time course of the recirculating H2150 activity in blood was then esti mated by interpolation, after correction for the blood to plasma water ratio of 0.87 (Roland et aI., 1987) . Two ad ditional blood samples were taken to determine the total oxygen content in arterial blood and the hematocrit.
Measurement of CBV
The CBV was measured with the technique originally described by Grubb et al. (1978) using CI50 for the in haled gas. CI50 was prepared on line from 150 by passing the gas stream over charcoal at 1, 000°C. Purity was checked by radio-gas chromatography. The total amount of inactive CO applied to the patient was 35 ).lmol at most. A total of 1.85 GBq (50 mCi) of CI50 gas was pumped into a closed inhalation circuit connected to the patient's face mask for 1 min. Then 1 min was allowed for equilibration before PET scanning was started and ten 1 min time frames were accumulated. From inspection of the decay corrected time-activity curve in a large cortical region, the time interval for the equilibrium analysis was deter mined. The corresponding PET scans were then decay corrected, added, and a summed image reconstructed. The CBV was calculated for each pixel using the blood activity averaged over the same time interval from man ually drawn arterial blood samples taken in I-min inter vals. The correction factor for the ratio of small vessel to large vessel hematocrit was taken to be equal to 0.85.
Measurements of CMR g \c
The rCMRglc was measured after i.v. injection of 185 MBq (5 mCi) [18F]2-fluoro-2-deoxY-D-glucose (FDG) (Reivich et aI., 1979) , which was synthesized according to the method of Ehrenkaufer et al. (1984) . Investigative and scanning procedures as well as image processing were performed as described previously in detail (Heiss et aI., 1984) . After dynamic scans in seven slices, the patient was moved by one-half the slice thickness in the axial direction and a further set of seven in-between slices was obtained. Thus, 14 equally spaced slices with a center-to center distance of 6.9 mm scanned in parallel to the can thomeatal line 30 to 50 min after FDG injection were available for evaluation. The CMRglc was calculated us ing a fixed value of 0.42 for the lumped constant and rate constants K I and k3 adjusted for the measured tissue ac tivity (Wienhard et aI., 1985) . No additional correction was applied to adjust for possible changes of the lumped constant in the infarcted area (Gjedde et aI., 1985) . In all cases, the images showed the brain from the lowest cer ebellar level to the top of the oval center. Since image quality with respect to anatomical details was best in the FDG study, rendering 14 slices, these images were used for comparison of positioning between the first and sec ond PET scan.
Alignment of scans
Despite careful repositioning using laser beams and ex ternal marks, the tomograms of the repeated measure ments performed 15.6 days apart may differ in their ori entation and level with respect to the patient's brain. In order to allow a comparison of regional values, a three dimensional alignment procedure described previously (Pietrzyk et aI., 1990 ) was used, since methods relating physiological scans to anatomical landmarks (Pelizarri et aI., 1989; Evans et aI., 1991) are often unreliable when morphology is distorted by pathological changes. As a first step, each set of data was checked so that no change of position occurred during the measurement of CBF, CBV, CMROz, and CMRglc• If there was a small change of position between CBF and CMRglc measurements, the CMRglc images were adjusted to the CBF images. Then the sets of 14 slices each of the two FDG measurements were compared and, if necessary, the second study was resliced by interpolation to match the first study. There after, the images of the other variables obtained at the second study (CBF, CMROz, and CBV) were interpo lated in accordance with the matched FDG images. This procedure yielded visually accurate matching among the various slices of the two studies (Fig. 1) . The sensitivity to detect and correct misalignment was usually 1 pixel (corresponding to 2.55 mm).
Selection of regions of interest
Regions of interest (ROIs) were selected individually in each patient according to the location of the ischemic lesions. On all pertinent slices, first the region most in tensely affected on CMR02 or CBF images was defined visually in each patient as the probable core of developing infarction. In 10 of the cases, the CMR02 or CBF values determined in this region were at or below the threshold for viable tissue as determined by . In the other cases, the small extension of the lesion (two lacunes in the white matter, one in the thalamus, and one small cortical lesion) or unreliable absolute quantification due to extreme dispersion of the bolus (two cases) pre vented accurate assessment of the values within the le sion. Next, the border zone of peri-infarct tissue was de fined as two rims surrounding the infarct core each with a width of 7.65 mm (corresponding to 3 pixels). This per mitted one to pick up better the gradual changes in the border zone of ischemia. These two border zone rims of peri-infarct tissue were divided into sectors of 90° for re gional evaluation. This procedure rendered a maximal number of eight peri-infarct regions, which was consid ered to be sufficient to represent all of the heterogeneity of physiologic variables in the border zone of ischemia. Adding ROIs from additional sectorized rims, however, would have critically affected analysis. Automatically, corresponding core and border zone ROIs were mirrored in the unaffected hemisphere to serve as references for side-to-side differences. ROIs describing the center and border zone of ischemia usually comprised a mixture of gray and white matter. In addition, the entire series of seven slices was mapped using a standard set of geomet rical regions, adjusted semiautomatically to each individ ual's anatomy . Standard regions outside the infarct and peri-infarct tissue were used for determination of normal values. A set of ROIs typical for one slice is shown in Fig. 2 . The whole set of ROIs was transferred automatically to all matched parametric im ages from both studies.
Statistical methods
Descriptive statistics are presented as mean ± SD of absolute values or of percent differences between infarct and peri-infarct ROIs and corresponding mirror regions in the unaffected hemisphere. Nonparametric Wilcoxon tests were used and the Bonferroni correction for mUltiple comparisons was applied. A total of 15 comparisons were made; the level to accept significance was therefore set to 0.05/15 = 0.0033 for each individual test. Calculations were done with a commerical software package (SAS In stitute, Cary, NC, U. S.A.).
RESULTS
Perfusion and metabolism in the early stages after stroke
A typical set of PET and CT data selected for one corresponding brain slice is shown in Fig. 3 . This example demonstrates the heterogeneity of changes in physiologic variables in early stroke and stresses the necessity to extract the information by selected ROIs used for interregional and intraindividual comparisons. As demonstrated in Fig. 3B , a well defined and demarcated regional blood flow distur bance can be accompanied on the margins by high CMR02 and significantly increased OEF (anterior rim) but also by increased glucose uptake and de creased CMR02 (posterior medial rim). In the de veloping lesion not clearly visible on CT on the first but well demarcated on the fourth day (Fig. 3A) , the anterior rim is spared while the infarct develops to wards the posterior tissue. In the 16 stroke patients included in this study, CT did not reveal a clear and demarcated lesion in 10 cases when performed in the acute stage. In contrast, the PET investigation revealed marked flow deficits and convincing met abolic disturbances in all cases. However, a large variety of heterogenous changes in the different mo dalities (CBF, CMR02, OEF, CBV, and CMR g lc) was obtained, rendering the description of a typical pattern difficult. In accordance with reported find ings for glucose metabolism (Kushner et al., 1987) , rCBF and rCMR g lc values (Table 1) outside the ar eas primarily afflicted by the flow disturbance and in the contralateral hemisphere were below the val ues reported for healthy controls (Heiss et al., 1984; Powers et ai., 1985) . The mean values of CMR02 and CBF in the border zone of the ischemia were below those in the corresponding contralateral re gion and in remote normal regions. The variance within these regions was large, including extremely high and low values for flow and OEF.
Changes of flow and metabolism fo llowing stroke
In order to decrease interindividual variability, values in infarct and peri-infarct tissue were nor malized to those of corresponding mirror regions. Values were expressed as percent differences be tween regions and reference regions. Changes be tween the first and second measurement were ana lyzed in the following tissue compartments.
Core of infarction. Compared to the contralateral mirror region, CMR02 was significantly reduced by 55 ± 24.8% (p = 0.0004), OEF by 26 ± 34.1 %(p = 0.007), CBF by 42 ± 26.5% (p = 0.0007), and CMR g \c by 29 ± 20.2% (p = 0.001), while CBV was not different (1 ± 37.2%). As shown in Fig. 4 , CMR02, CMR g !c, CBV, and OEF did not change significantly in the core of infarction during the first 2 weeks after the attack. Only flow increased slightly (p = 0.02), but as indicated in the reduced OEF, this did not affect the metabolic state of the already necrotic tissue.
Border zone of ischemia. Compared to the corre sponding contralateral regions, CMR02 was re-
CT and multitracer PET study of a patient 24 h after ischemic stroke in the territory of the right middle cerebral artery.
CT and PET images of a brain slice 55 mm above the canthomeatal plane are presented. (A) While the initial CT is inconclusive, the ischemic infarct is clearly demarcated on the CT 4 days later. ( 8 ) PET images of the measured variables clearly demonstrate the flow defect (on CBF image) and the metabolic disturbance (CMR02 and CMR g 1c): the flow defect, however, is larger than the CMR02 and CMR g lc defect, leaving border zone regions with preserved oxygen and glucose consumption and therefore in creased oxygen extraction fraction (OEF) and glucose extraction fraction (GEF). This anterior portion is preserved at the later CT. In the posterior rim, however, CMR02 is more severely impaired than CMR g ,c leading to an increase in the ratio of glucose to oxygen consumption indicative of anaerobic glycolysis. On later CT this area is infarcted. In the infarct CBV is increased in relation to CBF leading to an increased transit time (TT). Due to the occlusion of the right internal carotid artery CBF in the ipsilateral hemisphere outside the infarct is reduced without affect on CMR02 and CMR g ,c since OEF and GEF are increased. duced significantly (17 ± 15.1%, p = 0.002) at first measurement and deteriorated (p = 0.02) to a dif ference of 26 ± 12.8% (p = 0.0004) in the period between the two measurements (Fig. 5) . OEF val ues initially close to the corresponding contralateral regions (3 ± 28.7%) progressively decreased (p = 0.02) to a significant side difference of 13 ± 11.7% (p = 0.002). The progressive metabolic derange ment without concomitant change in flow (side dif ference of 15 ± 12.6% at the first and 16 ± 11.8% at the second measurement) was also reflected in a decrease in CMRglc (from a 13 ± 10.1 % to 21 ± 12.0% difference from the contralateral tissue).
Border zone of ischemia, only regions with in creased OEF selected. Peri-infarct regions with higher OEF than in corresponding contralateral re gions were found in all 16 patients. On average, the OEF was increased by 25% and suggested poten- tially viable tissue with preserved metabolism in de mand of blood supply ["early mismatch" (Kuhl et aI., 1980) and "misery perfusion" (Baron et aI., 1981b) ]. Accordingly, the CMR02 (9 ± 13.9%) was only slightly affected while CBF (23 ± 6.6%) was reduced. Within the 2 week observation period, CMR02 (to a 29 ± 10.1% side difference) and OEF (to 12 ± 14.2%) deteriorated, as did CMRglc (from a 14 ± 10.8% to 24 ± 13.2% difference between con tralateral regions), indicating progressive derange ment of metabolism and tissue integrity despite some improvement of CBF (to 18 ± 13.3%) over time (Fig. 6) . As a consequence of the progressive metabolic impairment in the border zone of isch emia, the infarct volume, by visual inspection, in creased in 9 of the 16 patients within the period between the two PET studies. Only a few regions with increased OEF did not suffer from progressive 5 . tween border zone of infarction and mirror regions at first and second -20 study. The asterisks indicate signifi cance after Bonferroni correction.
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P-values in Wilcoxon tests of changes between first and second study are
given above pairs of bars. While CBF metabolic derangement but remained viable, as can be deduced from nearly normal CMR02 and from preserved tissue integrity on CT. One of these ex ceptions is shown in the anterior rim of the infarc tion of Fig. 3 . Additionally, border zone regions with initially high CBF and low CMR02 found in two cases [lux ury perfusion (Lassen, 1966) ] and regions with in creased rCBV (observed in 11 cases) were evalu ated separately. Neither increased CBF beyond the metabolic demand of the tissue nor raised CBV as an indicator of compensatory vasodilation had an influence on the decline of metabolic values; at the second study, rCMR02 in these regions was at a low value not compatible with tissue survival. Re gions with relatively increased rCMR g l C and re duced rCMR02 (e.g., on Fig. 3 , posterior peri infarct tissue) indicative of anaerobic glycolysis were found only in two instances and deteriorated over time.
DISCUSSION
The main task of our study was to compare changes of various physiologic variables in repro ducibly identified tissue volumes in the course of acute focal ischemia. It was not within the scope of this study on a selected group of patients to analyze the sensitivity and specificity of various PET inves tigations for the diagnosis of early ischemic lesions, but from the comparison of the CT and PET data obtained within 48 h of the ictus, previous results can be confirmed (Kushner et aI., 1987) : the sensi tivity of PET in detecting an early ischemic lesion was substantially higher than that of CT and the extent of the PET abnormality was usually greater
FIG. 6. Mean relative differences be tween variables in peri-infarct tissue with high initial OEF and in corre sponding contralateral regions. The pattern of changes in this subgroup is similar to that in all peri-infarct re gions ( _ 1st mea s.
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than might be anticipated given the CT results. Ad ditionally, correlation of PET data to the neurologic syndrome or to the clinical outcome was not at tempted in our study, which was primarily confined to the analysis of metabolic and perfusion changes in tissue in the first weeks following the ischemic ictus. These important relationships were examined in a larger group of patients by Kushner et al. (1987) , who reported consistent correlations among neurologic deficits or clinical outcome and severity of PET abnormalities.
In most previous PET studies of ischemic stroke, only data obtained at one time at highly variable intervals after a cerebrovascular accident were an alyzed and related to the course of the disease as assessed by clinical outcome or final lesions on CT. Additionally, most studies only selected one slice of the brain to demonstrate the infarct and surround ing tissue. Therefore, observations were to some extent incidental and lacked the three-dimensional representation of the infarct and peri-infarct tissue in the brain as well as the assessment of changes in critically perfused tissue with time. In a series of nine stroke patients, Wise et al. (l983a) demon strated a high OEF in critically perfused tissue early after the attacks that was characterized by low CMR02 and CBF at later studies. These changes in OEF observed in the course of a stroke were inter preted as evidence for the transition from viable ischemic tissue to infarction. However, due to tech nical limitations of this early study, only large tissue volumes could be evaluated, preventing the identi fication of changes in the center and the border zones of ischemia. In order to avoid erroneous con clusions from the comparison of single slices that might not be exactly aligned and to include poten tially useful information from neighboring brain slices, Hakim et al. (1989) generated superimpos able surface maps of metabolism and perfusion for two sets of PET studies 7 days apart. By a surface contour technique with sampling from up to six ac ceptable transverse images and a linear interpola tion of the 6 mm interplane separations, the cortical representation of the area of disturbed perfusion could be outlined and matched in repeat measure ments with acceptable accuracy (insensitive to dis placements of <4 mm). By categorizing the cortical areas according to flow values below 12 ml 100 g -1 min -I , between 12 and 18 ml 100 g-I min -I , and above 18 ml 100 g -I min -I, these authors could demonstrate that the CMR02 in the "penumbra zone" (flow of 12-18 ml 100 g -1 min -I ) deterio rated with a decrease in CBF between the first «48 h after ictus) and the second (7 days) PET study, bringing this tissue into the category of infarction.
Using the Ca 2 + channel blocker nimodipine, the de cline of CMR02 in these regions could be reversed, demonstrating the effect of therapeutic intervention on potentially viable tissue suffering from misery perfusion. Similar effects on regions suffering from misery perfusion were observed after surgical inter vention (Baron et aI., 1981 b; Gibbs et aI., 1987) .
The clinical efficiency of such therapeutic strate gies, however, is still controversial (Powers et aI., 1989) and needs further follow-up studies of the clinical outcome.
With the three-dimensional alignment of sets of images generated at various multitracer PET stud ies, the full extension of metabolic and perfusion disturbances can be assessed and changes over time can be evaluated for regions defining the center and several compartments of the border zone of isch emia. As described previously (Pietrzyk et aI., 1990) , this three-dimensional matching procedure assesses an accuracy of 1 pixel, corresponding to 2.55 mm. This method permitted one for the first time to follow changes in several physiologic vari ables over time in reproducibly identified small tis sue volumes. Although quantification of variables was limited in some cases due to the small size of the ischemic lesions or due to large bolus dispersion effects (Meyer, 1989) , our results confirm the con clusions drawn in previous studies on the basis of single measurements in different stroke victims and complement the findings of repeat examinations.
Severely decreased CMR02 (on average by 55% compared to the mirror region) defines necrotic tis sue without the capacity to regain any function, even if the CBF increases beyond the metabolic demand of the tissue as an indicator of luxury per fusion (Lassen, 1966) . Peri-infarct regions with high OEF were detected in all patients, despite the fact that the first PET study was performed up to 48 h after the onset of symptoms (mean of 23 h). Since the CMR02 was only slightly decreased, it can be assumed that considerable parts of this tissue were still viable at that extended time after the onset of ischemia. However, the contribution of granulocyte invasion into the border zone of necrosis to the flow/metabolism uncoupling cannot be ruled out. At the follow-up study performed at a time when isch emic lesions must be considered permanent, how ever, most of these regions presumably viable at first measurement had low CMR02 and depressed OEF despite relatively increased flow. It must be concluded that a large proportion of these tissue compartments have turned into necrosis. Neither pattern of flow/metabolism uncoupling-e.g., hy perperfusion or luxury perfusion (Lassen, 1966) , hypervolemic hypoperfusion or low perfusion hy-peremia (Tomita et aI., 1980) , or increased glucose uptake in relation to oxygen supply (Wise et aI., 1983b; Baron et aI., 1984) -indicated a beneficial outcome and tissue survival. The best chance of survival might be related to the initially coupled moderate decrease in flow and metabolism. How ever, it cannot be concluded from our data if per sistent moderate decreases in flow and metabolism are consequent to disseminated cell loss (Mies et aI., 1983) or to functional inactivation due to deaf ferentation (Feeney and Baron, 1986) .
In conclusion, our repeat multitracer PET studies in reproducibly defined ROIs furnished evidence of viable tissue in the border zone of ischemia up to 48 h after the cerebrovascular attack. With a few ex ceptions, these tissue compartments suffer progres sive metabolic derangement and turn into necrosis during the first 2 weeks after the stroke. The exis tence of viable tissue for extended periods of time after the ischemic attack, however, indicate that there is still a substrate for effective therapy and the first results of treatment effects on critically per fused tissue (Hakim et aI., 1989 ) support this as sumption. Multiparametric PET studies in the early phase after vascular attacks might therefore be of value in the continued effort to develop an effective treatment of ischemic stroke.
